The evolutionary 'decision' to store genetic information away from the place of protein synthesis, in a separate compartment, has forced eukaryotic cells to establish a system to transport mRNAs from the nucleus to the cytoplasm for translation. To ensure export to be fast and efficient, cells have evolved a complex molecular interplay that is tightly regulated. Over the last few decades, many of the individual players in this process have been described, starting with the composition of the nuclear pore complex to proteins that modulate co-transcriptional events required to prepare an mRNP for export to the cytoplasm. How the interplay between all the factors and processes results in the efficient and selective export of mRNAs from the nucleus and how the export process itself is executed within cells, however, is still not fully understood. Recent advances in using proteomic and single molecule microscopy approaches have provided important insights into the process and its kinetics. This review summarizes these recent advances and how they led to the current view on how cells orchestrate the export of mRNAs. This article is part of a Special Issue entitled: Nuclear Transport and RNA Processing.
Introduction
The export of mRNAs is one of the many steps along the gene expression pathway and reflects only a short time period within the lifetime of an mRNA [1] . However, mRNA export cannot be seen as an isolated process, as it has been functionally linked to different upstream and downstream events, in particular the localization of the gene within the nucleus, transcription, mRNA processing and quality control [2] . Disruption of upstream events affects export, but how and which exact steps in the export process are affected is not very well understood. Genetic and biochemical approaches allowed the isolation of what we think may be most of the factors involved in mRNA export, however, exactly how these factors function in the process of mRNA export is still unknown.
As for many biological processes, the use of model organisms was shown to be a very fruitful approach in dissecting the mechanisms of mRNA export. In particular, genetic screens and proteomic approaches in the yeast Saccharomyces cerevisiae have identified many players involved in mRNA export and it is reasonable to speculate that, at least for yeast, most mRNA maturation factors have been found [3, 4] . While a 'clear' picture as has become apparent in yeast, it has not yet emerged for higher eukaryotes where many of the yeast proteins are conserved and often additional components have been found, suggesting an even more complex regulation. On the other hand, more is known in higher eukaryotes of how an mRNA is actually exported on a cellular level. As early as the 1970s electron micrographs have shown mRNAs crossing nuclear pores, and recently single molecule techniques have allowed the monitoring and visualization of individual mRNA molecules during export in real time [5] . Consequently, microscopy has become a key tool to determine how cellular factors act in concert to regulate kinetics along the different steps of the mRNA export pathway [6] .
This review tries to combine the dense knowledge about the mechanistic details, mainly observed in yeast, with the insights gained from recent single molecule studies in higher eukaryotes to illustrate the current understanding on how this important part of the gene expression pathway is executed.
Getting made and ready to be exported: linking mRNA export with transcription
For an mRNA to be exported, it first has to be processed, folded and assembled into an export-competent mRNP. To allow for a coordinated efficiency of these events, they occur co-transcriptionally and can be mediated in two different ways: i) by RNA maturation factors present on the polymerase complex which are later transferred to the RNA, and, ii) by proteins that are recruited directly to nascent transcripts [7] . Two complexes have so far been implicated in this recruitment, one is the C-terminal domain (CTD) of the large subunit of RNA Polymerase II (Pol II), the other the multi-protein complex THO, which itself is recruited to the elongating polymerase by an unknown mechanism [2] . This orchestrated formation of export-competent mRNPs is moreover controlled by a surveillance mechanism, ensuring only properly assembled and processed mRNPs will be released from the site of transcription into the nucleoplasm, a process that requires the nuclear exosome [8] .
Co-transcriptional recruitment of the mRNA export machinery
It has been known for some years that many of the processes rearranging mRNAs during their maturation occur co-transcriptionally and that a number of them are mediated by the phosphorylation cycle of the CTD. The CTD consists of heptad peptide repeats that are reversibly phosphorylated at Ser2, Ser5 and Ser7. Both phosphorylation and dephosphorylation of the CTD were shown to mediate cotranscriptional mRNA maturation events such as recruitment of the capping enzymes (by Ser5-P) and the 3′ end processing machinery (by Ser2-P) as well as stimulation of 3′ end processing of nascent transcripts, respectively [9, 10] .
In the last few years several studies showed that the CTD, however, is not just involved in events affecting splicing and 3′ end processing, but has a role in orchestrating the recruiting of the mRNA export machinery onto nascent transcripts. Recent chromatin immuno-precipitation (ChIP) studies from Bentley and coworkers revealed that the mRNA export factor Yra1 is recruited to elongating Pol II through an interaction with the 3′ end processing factor Pcf11, which itself binds to Ser2-P CTD (Fig. 1) [11, 12] . Once transcription reaches the 3′ end of a gene, Yra1 is then competed off by the cleavage and polyadenylation factor (CF1A) component Clp1, resulting in concomitant 3′ end cleavage and transcription termination followed by mRNA release and polyadenylation as well as the transfer of Yra1 to the mRNA and its binding to the ATP-dependent RNA helicase Sub2 [11, 12] . These findings supersede the initial belief that Sub2 is responsible for recruiting the export factor Yra1p to mRNPs [13, 14] .
Sub2 itself is part of the Transcription Export (TREX) complex (composed of THO, Tex1, Sub2 and Yra1) and is involved in splicing and mRNA export. It is recruited to elongating transcripts by the THO complex [14] , an early mRNA-associating maturation complex. THO (composed of Tho2, Hpr1, Mft1 and Thp2) plays a so far undefined role at the interface between transcription and mRNA export; tho null mutants in S. cerevisiae, while viable, exhibited impaired transcription elongation and RNA export defects [14] [15] [16] [17] . One intriguing feature of yeast tho mutants are their transcriptionassociated hyper-recombination phenotype, where the nascent mRNA is observed to form stretches of DNA:RNA hybrids (R-loops) which can be reduced by RNaseH over-expression [18] [19] [20] . This suggests that THO could play a role in compacting the pre-mRNA during transcription elongation to prevent its pairing to chromatin. Although THO components have been found to co-immunopurify with Pol II complexes and the complex has a potential role during elongation, no direct interaction between THO components and the polymerase or the CTD has been described to date [2] . Therefore it remains unclear how THO is recruited to elongating complexes. Abruzzi and colleagues reported that recruitment of the THO component Hpr1 is RNA-independent in yeast, however, recent studies in mammals suggest that recruitment of THO does depend on the nascent transcript [21, 22] .
However, tho mutants also exhibit mRNA export defects and a number of genetic studies using yra1 and sub2 mRNA export mutants have demonstrated a link between the export machinery and THO, and thus transcription [13, 14] . A recent study by Rougemaille and colleagues [23] showed that both THO and Sub2 are required to coordinate mRNA processing and export; they observed that tho/sub2 mutants induced an elongation defect stalling Pol II close to the 3′ end, resulting in the dissociation of CF1A and inhibiting both polyadenylation as well as the release of the mRNA. Instead, complexes accumulated at the 3′ end processing/termination site that contained DNA, RNA as well as proteins and have been dubbed "heavy chromatin" [23, 24] . On the other hand, heavy chromatin was not detected in strains lacking 3′ end-processing factors or mRNA export mutants, implying that these factors may play a role in forming heavy chromatin. Interestingly, the authors also found that nuclear pore complex (NPC) components constitute a large portion of heavy chromatin, suggesting that the NPC itself may associate with the 3′ ends of genes during transcription at least for a subset of genes, as this was mostly shown for heat shock-regulated genes. Taken together, and considering recent data by the Bentley lab [11, 12] , it could be speculated that in these mutants Yra1 cannot associate with Sub2 and remains bound to Pcf11. Subsequently, Clp1 cannot bind to Pcf11, no 3′ end cleavage takes place and the mRNP is not released and exported but rather accumulates as a large complex at the 3′ end. Together, these observations indicate an important role for THO-Sub2 in coordinating a remodeling step at the 3′ end of genes that is critical for the dissociation of CF1A, polyadenylation and transcript release.
Npl3 is another RNA binding protein that participates in linking transcription elongation with 3′ processing and mRNA export. Recruited to the elongating polymerase complex, it promotes elongation, the recruitment of splicing factors and prevents premature termination [25, 26] . During elongation, Npl3 is progressively phosphorylated by caseine kinase 2 (Ck2), reducing its anti-termination activity and allowing the recruitment of CF1A to the 3′ end. During 3′ processing, Npl3 is then de-phosphorylated by Glc7, which was suggested to promote its interaction with the mRNA export receptor Mex67 [27] . Indeed it was shown that in a mutant where phosphorylation of Npl3 was eliminated, increased amounts of Mex67, as well as Npl3 itself, were present on polyadenylated mRNAs, indicating that dephosphorylation of Npl3p does promote binding of Mex67p to RNA. Moreover, Mex67 was demonstrated to interact with Npl3 directly in vitro [27] . Npl3, as well as Yra1, Nab2 and Hrp1, is also modified by the arginine methylation [28, 29] . These modifications, although not essential for general mRNA export, were suggested to facilitate the release and export of specific transcripts [29] .
A further link between transcription and export is the recruitment of the mRNA export adapter Mex67. Recently, Dieppois and coworkers demonstrated the recruitment of Mex67 to elongating Pol II mediated by THO [30] . As demonstrated also by structural studies, this interaction involves the C-terminal ubiquitin-associated (UBA) domain of Mex67 (Mex67-UBA) and Hpr1, which is ubiquitylated by the E3 ubiquitin ligase Rsp5 [30] [31] [32] (Fig. 1) . Mex67 was also shown to be associated with "heavy chromatin" of the HSP104 gene in Δmft1 mutant cells [23] . So far this recruitment of Mex67 to elongating transcripts has only been shown for a subset of genes (GAL2, GAL10 and HSP104) and whether this mechanism is applicable to all genes still has to be investigated.
Co-transcriptional mRNA quality control
Correct transcription, processing and polyadenylation are all required for the assembly of an export-competent mRNP. Eukaryotic cells have evolved a co-transcriptional quality control mechanism to determine whether mRNAs have been transcribed and assembled correctly. Based on that mechanism, the ability of mRNAs to leave the site of transcription is tightly controlled, as mutations within the DNA, errors in transcription, splicing, processing or assembly can all lead to the formation of aberrant pre-mRNPs. Mutations in proteins affecting specific steps of pre-mRNA maturation have been shown to result in the accumulation of immature mRNPs in a tight focus close to or at a site of transcription [2, 33] . The mRNAs within these foci were shown to have been cleaved and polyadenylated, hence suggesting that retention of aberrant mRNAs is a posttranscriptional event [34] . The exact mechanism of how this surveillance and quality control is achieved is not know, but genetic studies in yeast have identified the nuclear exosome, and in particular its component Rrp6, as a key player in the recognition and retention of defective transcripts [8, 35] . Rrp6 is required for co-transcriptional surveillance of mRNA biogenesis [13, 35, 36] and its function was shown to be enhanced by the TRAMP (Trf-Air-Mtr4 polyadenylation) complex, which acts as a cofactor for mRNA surveillance [34, 37] . However, how exactly this is achieved mechanistically is still unclear. While much of our knowledge about mRNA surveillance comes from studies in yeast, the composition and structure of the exosome are Fig. 1 . Co-transcriptional assembly of an export competent mRNP.The assembly of an export competent mRNP is orchestrated by the coordinated a recruitment of mRNA export factors to the nascent mRNA. The THO complex is recruited to the polymerase complex by an unknown interaction with the polymerase and ensures that the nascent mRNA is not forming DNA-RNA hybrids. It also recruits Sub2. The 3′ processing factor Pcf11 binds to the Ser2 phosphorylated CTD and brings Yra1 to the 3′ end of the gene where it is transferred to Sub2. Npl3 is also deposited on the mRNA during 3′ end formation. Only fully processed mRNPs can leave the site of transcription, and export competency is monitored by the nuclear exosome component Rrp6.
highly conserved from yeast to humans, which suggests that its functions are also conserved in higher eukaryotes [38, 39] .
Considering all the above data strongly underlines the important connection and coordination between 3′ processing and the assembly of an export-competent mRNP. Another interesting aspect of linking transcription with export is from a kinetic point of view. As different processes along the gene expression pathway are linked they may provide feedback loops to ensure correct co-transcriptional processing, assembly and release of mRNAs. One example is the transferal of Mex67 and its adaptors Yra1, Npl3 and the poly(A)-binding protein Nab2 from the transcription machinery onto the mRNA. Mutations in Mex67 and Yra1 interfere with correct 3′ end formation [35] . This indicates that proper recruitment and transfer of export factors from the transcription machinery onto the mRNA, and thus formation of an export-competent mRNP, may have an impact (or feedback) on optimal THO-Sub2 function and stimulate 3′ end processing; improper recruitment or transfer (due to mutations in the protein, for example) will result in targeting the mRNP for degradation [40] . Thus, the entire process of co-transcriptional mRNP assembly converges to guarantee kinetically efficient 3′-end formation, in order to compete against mRNA retention and degradation by the exosome surveillance complex. Finally, it is interesting to note that while many studies have shown that, in yeast, recruitment of THO/TREX is coupled to transcription, in higher eukaryotes, the recruitment of TREX is coupled to splicing. Moreover, recent studies are consistent with the view that in metazoans TREX promotes export through binding and releasing spliced mRNPs from nuclear speckles [41] [42] [43] [44] .
On track: moving on to the periphery
After the mRNA is transcribed, processed, assembled into an mRNP and checked by a surveillance mechanism, the mRNP is released into the nucleoplasm to find its way to the nuclear periphery ( Fig. 2A) . It is now generally accepted that mRNAs move within the nucleoplasm by random Brownian motion and not by motor driven transport [1, [45] [46] [47] [48] [49] [50] [51] [52] [53] . However, single molecule experiments in metazoan cells showed that despite moving randomly, mRNAs move in a discontinuous manner; periods of fast diffusion are intermitted by periods of much slower mRNA movement, during which mRNAs diffuse within a small region for an extended period of time (also called 'corralled movement') [50, 51, 53] . As mRNA diffusion slows down considerably when mRNA enters a chromatin-dense region, slower mRNA movement is believed to be mainly caused by a molecular crowding effect rather than by mRNAs directly interacting with any cellular component during corralled movement in chromatin dense regions. Consistent with this theory, single mRNAs never become completely immobile during corralled movement. However, the existence of a higher order organization allowing facilitated movement of large macromolecular complexes within the nucleus cannot completely be excluded.
The actual speed at which mRNAs diffuse within the nucleus is still up for discussion. A number of studies using a variety of imaging approaches resulted in different estimates that vary considerably from each other (from 0.005 μm 2 /s up to more than 1 μm 2 /s) [1, 45, 46, 48, [50] [51] [52] [53] [54] . The main reason for these discrepancies is most likely technical. Interestingly, there is a large discrepancy in the values of the estimated diffusion coefficient between studies that used single molecule tracking (SMT) techniques to measure diffusion, but surprisingly little between studies that extracted their values measuring the behavior of total nuclear mRNAs by labeling all mRNAs simultaneously. Measuring the behavior of the whole population of nuclear polyadenylated mRNA using a GFP-tagged nuclear poly(A)binding protein by florescence recovery after photobleaching (FRAP) suggested an mRNA diffusion coefficient of 0.6 μm 2 /s, similar to measurements by florescence correlation spectroscopy approaches (FCS) that observed the diffusion of dT-labeled nuclear mRNA (1.0 μm 2 /s) [46, 48, 52] . However, these numbers were challenged by single molecule tracking experiments that allowed following individual mRNAs in the nucleus and, at least in part, suggested a much slower mRNA diffusion rate. Using different labeling approaches (MS2 system, anti-sense oligos and molecular beacons), these SMT experiments estimated diffusion speeds varying from 0.005 μm 2 /s for a large dystrophin mRNA to 3.4 μm 2 /s for a small beta-actin mRNA [1, [50] [51] [52] [53] [54] . Interestingly, however, the discrepancies might lie less in the size of the molecules than in the technology used to obtain the numbers. Obtaining accurate SMT data relies heavily on the ability not just to see single molecules but also to detect all molecules, which can be problematic when molecules diffuse at different speeds. If image acquisition is slow, faster diffusing molecules will not be detected and therefore the behavior of the entire population will be misinterpreted, as only slow moving molecules are observed and measured. Importantly, in experiments that measured slow diffusion constants, data was acquired using much slower frame rates than in experiments revealing faster diffusion times (300 ms/frame down to 5 ms/frame). Therefore, it might well be possible that data acquired with slow frame rates simply missed fast moving particles, and that diffusion rates for most mRNAs are hence much faster than suggested by many SMT experiments -closer to 1 μm 2 /s as was also suggested by FRAP and FCS data. This would moreover be consisted with the diffusion constant obtained for mRNP-sized inert dextran molecules. Interestingly, recent experiments from the Kubitcheck lab, using fast acquisition SMT as well as FCS, measured a diffusion constant that also fits within this range [52] . Future experiments will have to further resolve these discrepancies.
So how long does it take an mRNA (or mRNP) to reach the nuclear periphery? Considering that mRNAs move by Brownian motion, the transit time of an mRNP across a typical mammalian cell nucleus (7 μm in diameter) was calculated to be in the range of 2-6 min [55] . However, the recent observation that mRNPs can spend about 50% of their time 'corralling', might significantly increase their transit time [1, [50] [51] [52] [53] [54] . On the other hand, many nuclei are not perfect spheres but rather ellipsoids, which substantially reduce the distance an mRNA has to travel to encounter the periphery in one dimension (Fig. 2B) . Ultimately it depends on where a gene is located within the nucleus; if it is found close to the periphery, the probability of quickly finding a pore will be higher. Furthermore, these calculations only estimate the time required for an mRNA to reach the nuclear periphery. It is likely, however, that mRNPs do not always automatically encounter a nuclear pore and that finding an NPC might be equally difficult a task as finding its way to the periphery in the first place. Measurements using a number of different microscopy approaches showed that mRNAs reach the cytoplasm within a timeframe anywhere from a few minutes up to 30 min after being transcribed or injected into a nucleus, suggesting that mRNPs reach the nuclear periphery within a few minutes [56] .
However, even with the recent development of fast microscopy techniques, it has not yet been possible to follow a single mRNA all the way from its site of transcription to and through a nuclear pore and thus to get a precise timeframe for these steps. This is mostly due to the speed of mRNP diffusion, which is too fast to follow an mRNP in all four dimensions and over long periods of time using current imaging technologies. Due to their fast diffusion rates, mRNPs will not stay in a single imaging plane for longer than a few hundred milliseconds, and those that do are not likely to reflect the average mRNP population. Once an mRNP is lost from the imaging plane, it is almost impossible to find the same mRNA again, as nuclei often contain multiple copies that cannot be distinguished from one another. To ensure that an individual mRNP remains in focus and tracked, it would have to be followed in all three dimensions as well as over time (4D), with frame rates per imaging plane in the tenths of milliseconds and in multiple planes simultaneously; a feat that is very difficult to achieve with currently available technologies. In addition, many single molecule studies use fluorescent proteins to label mRNAs which limits the time mRNPs can be imaged due to photostability and photo-toxicity. As export occurs minutes after an mRNP has been released into the nucleoplasm, it will be very challenging to image this entire process using fluorescent proteins and alternative labeling strategies will have to be used that, in combination with improvements in fast 4D image acquisition, will allow the tracking of nuclear mRNPs over longer time frames.
Where to next: finding a pore
Reaching the nuclear periphery is the first step on the way out of the nucleus. Once mRNPs have reached the nuclear periphery, they have to encounter an NPC, interact with its structure and get access to the pore. Thus encountering a nuclear pore is the next step. The surface of the inner nuclear membrane is densely packed with nuclear pore complexes. Cyro-EM studies in yeast have shown that a G1 cell nucleus contains about 90 NPCs [57] . Considering a typical nuclear surface area of 7.4 μm 2 and a diameter of an NPC of 100 μm, one can calculate that NPCs account for about 10% of the total surface of the inner nuclear membrane [58] . In higher eukaryotes, NPCs are found at a similar density, although it varies considerably between different cell types [59, 60] . Therefore, an mRNP diffusing through the nucleoplasm and bouncing into the nuclear envelope will encounter a nuclear pore in only~10% of the time. Indeed, single molecule studies in mammalian cells have shown that interactions of mRNPs with the nuclear periphery lead only infrequently to a stable interaction with an NPC, and that mRNPs are frequently released back into the nucleoplasm [1] . The large size of nuclei in higher eukaryotes might therefore further decrease the rate of mRNA export compared to cells with smaller nuclei. The probability of an mRNP to find its way back to the periphery after bounding off the nuclear envelope will be significantly lower in cells with a large nucleus as compared to a yeast cell, where nuclei are small (2 μm in diameter) and an mRNA can move across it in a few seconds. However, mRNA diffusion behavior in yeast has not yet been measured. If mRNAs really find their way to the periphery simply by diffusion, the mechanisms in place to ensure rapid export appear hardly very sophisticated. Cells, however, have many options to increase efficiency, even if mRNPs move by diffusion. The organization of higher order chromatin is probably the most obvious. More than 25 years ago, Günther Blobel already suggested a connection between gene expression processes in his gene gating hypothesis he proposed that active genes bind to nuclear pores and facilitate the processing and export of mRNAs by creating a "circumscribed space subjacent to the nuclear pore complex and extending into the interior of the nucleus in the form of channels" (quoted from [61] ). Furthermore, he suggested that this could be "envisioned to serve as the locale where transcription and much of the co-and posttranscriptional processing would occur" (quoted from [61] ). Studies over the last two decades showed that although this concept is not entirely true, it is still partially valid (reviewed in [62] ). Actively transcribing genes, in particular in mammalian cells, are usually located in the nuclear interior from where mRNPs are released into the nucleoplasm to find their way to a nuclear pore. In higher eukaryotes, regions surrounding nuclear pores are usually devoid of heterochromatin, whereas more condensed chromatin is found in regions at the nuclear periphery lacking NPCs [60] . While mRNPs diffuse easily into euchromatin, dense heterochromatin, however, is less accessible [50] . This simple organization per se might create 'tracks' that guide mRNAs towards the NPC. Ensuring pore accessibility might be an actively regulated process mediated by the NPC itself. This idea was first supported by studies that demonstrated chromatin boundary activity of the NPC. In yeast the nucleoporin Nup2p was shown to prevent the spreading of heterochromatin when a reporter gene was tethered to the NPC, thereby keeping dense heterochromatin away from the NPC [63] . In accordance with this, the Drosophila nucleoporin TPR (yeast Mlp) was shown to be required for the formation and maintenance of heterochromatin exclusion zones surrounding the NPC [64] .
Another possibility to increase the efficiency of mRNA export kinetics is by ensuring that mRNPs stay at the periphery once they arrive there. Grünwald and Singer showed that often beta-actin mRNPs are not released back into the nucleoplasm even if they did not encounter and/or interact with a pore. Instead, they were shown to slide along the periphery, appearing to scan the region for the presence of nuclear pores [1] . It is not known if this is a general mechanism as Mor and colleagues, using a similar approach (although using much slower image acquisition compared to the Grün-wald study), did not observe complexes scanning at the periphery, nor is it known which proteins could be implicated in such process [54] . However, a scanning mechanism, if it exists, is likely to significantly increase export kinetic.
Gene gating: bringing genes to the pore
One way of efficiently bringing newly transcribed mRNPs into close proximity of an NPC was uncovered in yeast. Using nucleoporins and transport factors as baits in genome-wide chromatin immunoprecipitation experiments, the Silver laboratory discovered that many active genes associate directly with nucleoporins (nups) [65] . Most of the nups found interacting with active genes are part of the nuclear pore basket (see below) and thus nups that can be easily accessed by chromatin and would tether a gene closer to the export channel. Following these first observations, a number of studies showed that many inducible genes are targeted to the nuclear periphery upon activation, including INO1, GAL1, HXK1 and HSP104 [66] [67] [68] [69] [70] [71] . The mechanism, by which this occurs, however, is less clear and multiple models have been proposed. It is likely that a number of different events participate in tethering genes to the pore and that these may vary for different genes or classes of genes. In yeast, chromatin is very mobile and most loci diffuse within a volume of around 0.5 μm in diameter [72] [73] [74] . This suggests that almost any gene can encounter the nuclear periphery passively once in a while; to stay in close proximity to a nuclear pore, it simply would have to be tethered there by a factor that mediates the interaction between specific chromatin-associated factors and NPC components. Many genes found at the periphery are highly transcribed, suggesting that strong, active transcription might be a pre-requisite to tethering genes to nuclear pores. One possible mediator for this is the export receptor Mex67. Mex67 was shown to be recruited co-transcriptional to a number of these genes (GAL2, GAL10, HSP104) and might simply 'pull' genes to the periphery by its ability to directly interact with nucleoporins [30] .
The transcriptional co-activator complex SAGA and the nuclear pore associated complex TREX-2 have also been implicated in the recruitment of transcribing genes to the NPC [66, 75, 76] . Both complexes share the component Sus1, and a crystal structure of the TREX-2 complex suggests that its component Sac3 acts as a scaffold to assemble TREX-2 at the pore and so assist in recruiting SAGAassociated genes to the NPC [77] . SAGA-regulated genes, however, represent only about 10% of genes in yeast, many of them regulated or induced by different stresses or changes in environmental conditions, suggesting that this mechanism might affect only a small subset of genes [78] . Consistent with a role for promoter complexes in perinuclear recruitment, it was shown for galactose regulated genes that these associate with the periphery prior to transcription activation [67] . A further mechanism to target genes to periphery was recently identified by the Brickner lab [71] . They found that DNA itself has the intrinsic ability to interact with the nuclear pore and keeps the INO1 gene located at the periphery, even after transcription has shut down. This is mediated by a "zip-code" sequence within the promoter region that is evolutionally conserved and has also been identified in S. pombe. It remains to be seen whether such sequences are a common way to tether genes to the periphery and close to nuclear pores, and which proteins are implicated in this mechanism.
Whether gene gating through pore-tethering is widespread in higher eukaryotes is not clear. TREX-2 is conserved in higher eukaryotes and was shown to be required for mRNA export and NPC anchoring for a subset of genes in Drosophila [79, 80] . However, most genes in higher eukaryotes are not transcribed at the nuclear periphery, and were instead shown to move to the nuclear interior upon activation [81, 82] . Interestingly, a number of nucleoporins in higher eukaryotes were shown to have a nucleoplasmic phase and to be located not at the NPC but at promoter regions in the nuclear interior, where they stimulate transcription [83, 84] . Future studies will help to further elucidate the role of NPC targeting in higher eukaryotes.
So what could be the actual benefit of NPC-gene interactions? The most obvious advantage for tethering specific genes close or directly to the nuclear pore would be to facilitate rapid export of their mRNAs. While tethering genes to nuclear pores has mainly been observed in yeast, an organism with very small nuclei, is it necessary to ask if tethering would lead to an actual kinetic advantage, especially in yeast. In a yeast nucleus, diffusion of an mRNA from any location within the nucleoplasm to a pore or the nuclear periphery is likely to be a very efficient way to quickly encounter an NPC (as discussed above). Therefore, the difference in delay between an mRNA being released into the nucleoplasm, instead of having been delivered directly to the NPC prior to that event by tethering its gene, can only be in the range of a couple of seconds. Compared to the time it takes for an mRNA to be transcribed or to be translated (which is both in the order of minutes), this seems to be a very minor delay. It is therefore possible that gene tethering serves alternative functions, which are as yet unknown. However, and very interestingly, many of the genes that were shown to have a strong localization at the periphery during their expression are inducible genes, such as heat-shock or the galactose regulated genes, which are expressed in response to environmental changes or stress. Thus we could speculate that in these cases the ability to express these genes close to a nuclear pore for subsequent rapid mRNA export and translation in the cytoplasm would be advantageous for the cell. However, the direct export of mRNAs expressed by periphery-tethered genes through adjacent pores has not yet been demonstrated [3, 70, 71, 85, 86] .
Almost there: recruitment to the nuclear pore

The nuclear pore complex
The primary function of the NPC is to mediate selective bidirectional transport between the nucleus and the cytoplasm [3] . To that effect it composes a large protein complex of~60 MDa embedded in the nuclear envelope (NE) that is evolutionarily conserved [87] [88] [89] [90] . A detailed architectural map of the yeast NPC was recently determined using a computational approach that combined proteomic, biophysical and imaging data, which allowed each nuclear pore protein or nucleoporin (nup) to be assigned to particular substructures within the NPC [88, 91] . The nuclear pore complex is a cylindrical structure comprised of eight spokes surrounding a central tube and can be divided into three sections: the nuclear face, the central channel and the cytoplasmic face (Fig. 3A) . The NPC is composed of~30 different nups that can be placed in four classes: transmembrane, core scaffold (inner ring and outer ring), linker and Phe-Gly (FG) nups. In both yeast and vertebrates, three transmembrane nups span the pore membrane and constitute an outer transmembrane ring that anchors the NPC to the nuclear envelope. The outer and inner rings are formed by a dozen core scaffold nups, which together comprise the core scaffold of the NPC [92] [93] [94] . This scaffold encloses the central transport tube which is about~35 nm in diameter [95] . Anchored to the core scaffold are the largely unfolded FG nups. FG nups are characterized by regions of multiple Phe-Gly repeats and can be classified into two groups: symmetric (on both sides of the NPC) and asymmetric (either located closer to the nuclear or cytoplasmic side) [88] [89] [90] . They line the surface of the central tube from the nuclear to the cytoplasmic face and have a pivotal role in determining the mechanism of nuclear transport as they contain the docking sites for most cargo complexes and mediate nuclear trafficking [96] [97] [98] . In yeast, it has been shown that around 160 individual FG nups line the walls of the transport channel in each nuclear pore [88, 89] . FG nups are anchored to the core scaffold by the linker nups.
The NPC-associated peripheral structures consist of cytoplasmic filaments, the basket and a distal ring. Two FG nups are found on the cytoplasmic face of the NPC in yeast, Nup42 and Nup159 (three in metazoans, NLP1, NuP214 and NuP358) [3] . From these nups, eight filaments project into the cytoplasm to interface with the protein synthesis machinery and the cytoskeleton. These cytoplasmic filaments are thought to be formed from extended domains of Nup42 and Nup159, possible through their interaction with dynein light chain (Dyn2), as was recently shown [99] . Both Nup42 and Nup159 filaments contain numerous binding sites to interact with the Gle1-DEAD box protein 5 (Dbp5) RNA helicase complex during the final phases of mRNP export and the initiation of mRNA translation on ribosomes [100].
The structure of the nuclear basket
Due to the limited understanding of the basket's composition it has been a matter of debate for some time. It was previously suggested that it might be composed of FG nups (NuP153 in humans, and Nup60 and Nup1 in S. cerevisiae), however, recent immuno-EM experiments have shown that its main molecular component is the highly conserved protein Tpr in human cells, myosin-like protein 1 (Mlp1) and Mlp2 in yeast and megator in Drosophila, all of which form long, filamentous, coiled-coil dimers [3, [101] [102] [103] [104] . The current view of the basket is that of eight protein filaments protruding~60-80 nm from the nuclear face of the NPC into the nucleoplasm and converging in a distal ring structure. The basket is anchored to the nuclear pore by the nucleoporins Nup60 and it is believed to have an important role as recruitment and docking site of the NPC [3] .
The basket: docking or quality control platform? Or both?
Over the past years evidence has accumulated that places the basket at the center of post-transcriptional processes, in particular mRNA surveillance, which prevents defective mRNAs, such as unspliced or partially spliced polyadenylated RNAs, from reaching the cytoplasm [105] (Fig. 3B) . Although the composition of an mRNP arriving at the NPC is not completely clear, in yeast it is believed that it contains at least the RNA binding proteins Nab2, Npl3, Yra1, Gbp2, Hrb1, the cap binding proteins Cbc20 and Cbc80, the poly(A) binding protein Pab1, the ATP-dependent RNA helicases Sub2 and Dbp5, and the mRNA export receptor Mex67 with its binding partner Mtr2 [2] . While transcript specificity has been previously suggested for some of these factors (e.g. Npl3, Nab2) recent data showed that at least Nab2 is bound to most, if not all, mRNAs in the nucleus [106] [107] [108] . Whether this is true for all of these proteins still remains to be clarified. Further transcript-specific proteins might be bound as well at this stage, but are not discussed here. Mex67's interaction with the mRNA is mediated by its binding to Yra1, Nab2 and Npl3 [106, [109] [110] [111] [112] . However, the first interaction of the mRNP with the nuclear pore is thought not to be mediated by the export receptor, but by Nab2 through binding directly to the C-terminal region of Mlp1, which is believed to act as the docking site of the mRNPs at the basket [113] . Surprisingly, Nab2 but not Mlp1 is essential for mRNA export, as deletion of MLP1 does not result in an mRNA export phenotype. However, over-expression of the C-terminal region of Mlp1, which is required for interaction with Nab2 and hence the mRNP, leads to the accumulation of poly(A)RNA in the nucleus [113] . This C-terminal fragment does not localize to the nuclear periphery but is distributed throughout the nucleoplasm, suggesting that it might cause an mRNA export defect by sequestering mRNPs away from the pore, consistent with a role for Mlp1 in recruiting mRNPs to the pore.
While not affecting export of mRNPs, deletion of Mlp1 surprisingly results in the leakage of unspliced mRNAs and other aberrant mRNAs to the cytoplasm [36, 114] . This observation led to the suggestion that the role of Mlps, and in particular Mpl1, might not just be to provide access to the pore but rather to act as quality control retention filter, a 'gatekeeper', ensuring that only fully mature, 'quality-controlled' mRNPs can enter the nuclear pore. So what could be the final quality control step before an mRNP can pass the 'gatekeeper' and proceed on into the nuclear pore? One possible scenario could be a structural remodeling step that facilitates the addition or removal of specific proteins, or interactions. Supporting the existence of such an event, Stutz and coworkers recently showed that ubiquitination of Yra1 by the E3 ligase Tom1 at the pore promotes its dissociation from mRNPs prior to export [112] . Deletion of TOM1 was previously shown to result in the nuclear retention of poly(A) RNAs and their localization within nuclear foci together with Nab2 [106] . Taken together this suggests that the removal of Yra1 might be an important event in defining an export-competent mRNP.
Thus, Mlp proteins in their function as 'gatekeepers' might introduce a rate-limiting step into the export process that could interfere with rapid export of mRNAs. Interestingly, under heat-shock conditions, where rapid production of heat-shock proteins is required, Mlps were shown to accumulate in nucleoplasmic foci away from the pore, together with Yra1 and Nab2 [115] . Under these conditions, heat-shock, but not other mRNAs, are exported to the cytoplasm. Simultaneously, upon heat-shock, Nab2 is phosphorylated by the mitogen-activated protein (MAP) kinase Slt2/Mpk1 [115] . This modification was shown to increase the amount of Nab2 in complex with Mlp1 while at the same time reducing the amount of Nab2 associated with the NPC, suggesting that under these conditions mRNP complexes together with Mlps get sequestered into the nuclear foci. These observations highlight that the cell has the ability to regulate mRNA export by allowing only a specific set of mRNAs to be exported. However, to achieve this 'export specificity' it might sacrifice a quality control step usually occurring at the basket. As heat-shock is a harsh environmental stress situation for the cell, loosening a quality control step might be an acceptable trade-off in favor of assuring fast export and the subsequent production of heat-shock proteins. However, without the Mlps as nuclear pore docking sites, alternative recruitment or entry sites have to exist at the NPC.
One possibility is that mRNPs could find their way to the central channel simply by diffusion where they would then bind to FG nucleoporins through the export receptor Mex67 and its direct interaction with FG nups [116] . Alternatively, Mex67 has also been shown to bind to Nup85, a component of the Nup84 complex that forms the outer ring of the NPC and disruption of the interaction resulted in an mRNA export defect [117] . Therefore, it is possible that the Nup84 complex serves as an alternate docking site for mRNPs. Consistent with this idea, EM probing of poly(A) RNA showed that mRNAs are found surrounding the NPC, not just associated with the distal site of the basket [118] . The distance between the basket spokes is approximately 20-25 nm. EM data for Nab2-purified mRNPs indicated an average length of 20-30 nm and a width of 5-7 nm, suggesting that, in principle, mRNPs would be able to pass between the basket spokes, whereas larger mRNAs such as the Balbiani ring (BR) mRNP, with a diameter of around 50 nm, would not [108] . Such a scenario, and whether this would or could occur only under certain circumstances, remains to be explored. It is interesting to speculate, however, whether mRNPs entering the pore through an alternative docking site would still undergo Mlp1-dependent -or any other kind -of quality control.
6. Out of the nucleoplasm into the pore: translocation of mRNPs
Translocation kinetics: the principle
The actual transport through the pore is likely one of the shortest episodes in the lifetime of an mRNA. This makes studying this process a rather difficult venture as catching single translocation events is difficult to accomplish, in particularly in an in vivo environment. Nevertheless, in principle, the nuclear pore is likely to be a crowded environment. In mammalian cells, it has been estimated that 500-1000 molecules cross each nuclear pore per second, therefore the translocation of molecules through the pore has to be fast [119, 120] . Single molecule measurements of import kinetics of protein reporters indeed showed that individual proteins cross the NPC within a few milliseconds [121] . However, proteins are much smaller than mRNPs, which, together with pre-ribosomal particles, are by far the largest molecules to cross this channel. The central channel's maximum diameter is~35 nm, with the disordered FG nups lining the channel reducing that size to only around 10 nm [88] . Considering the typical size of an mRNP of~5 nm in diameter and 20-30 nm in length, such a particle could easily fill up a significant space within the central channel, suggesting that slow transport would strongly reduce the ability of a pore to transport other molecules. It is therefore reasonable to assume that translocation of mRNPs through the pore is also a fast process.
On the other hand, mRNP transport rates for an individual pore might actually not be that high. The number of mRNAs crossing each nuclear pore in yeast can be calculated relatively easily by taking into account i) the total mRNA levels, ii) their half-lives, and iii) the number of pores in a cell. Different studies have estimated the number of mRNAs in an exponentially growing yeast cell to be between 15,000-40,000 mRNAs/cell [78, 122] . Using the higher estimate of 40,000 mRNAs/cell and considering an average half-life of~20 min/ RNA, this would suggest that yeast synthesizes about 1000 mRNAs/ min. With approximately 90 pores/nucleus, every pore has to transport just about 10 mRNAs/min; a small number compared to the total number of proteins that cross the NPC. However, we also have to take into consideration that in yeast the pores adjacent to the nucleolus are most likely not used for mRNA export, which would increase the number of mRNPs to be exported per pore to~16, if we assume that approximately one third of nuclear pores are 'nucleolar'. Pre-ribosomal subunits, the second large complexes are a slightly higher burden for the NPC to transport; it has been estimated that 25 pre-ribosomes cross each NPC per minute [123] . Taken together, this suggests that just to allow all mRNAs to be exported, the transport would not necessarily have to be very fast, even if only a single mRNA can pass a single NPC at the time. These numbers are only estimates and might vary, as it is not known if mRNAs and preribosomes travers the same pores. Specialization of pores has so far only been suggested in HL-60 cells, where, using immunogold labeling, NFT2 and poly(A) mRNAs were observed to use different sets of pores [124] . However, since NFT2 was shown to label all pores in HeLa nuclei, it remains unclear if this phenomenon is cell-type specific or if it exists in other organisms.
Translocation of mRNPs: the practice
The first images of mRNPs crossing the pore were static and came from electron microscopy studies. Although earlier EM studies in the 1960s and 70s observing electron dense material within nuclear pores suggested to show translocating mRNPs, the most convincing data came from studies of the large Balbiani ring (BR) mRNPs [5, 125, 126] . These large, 35-40 kB RNAs fold into 50 nm particles, easily visible by EM. Snapshots of BR mRNPs at different steps of their translocation through an NPC showed that these mRNPs are being rearranged after arriving at the basket, changing from a globular to a ribbon-like structure and entering the NPC 5′ end first. The mRNA was then shown to translocate as a linear molecule and to directly associate with ribosomes once it had reached the cytoplasm [126] .
Using transmission electron microscopy (TEM) Kiseleva and coworkers obtained a higher resolution image and could visualize an mRNP entering the NPC by first binding to the distal portion of the basket (outer/terminal ring). The outer ring was shown to expand upon binding allowing access to the NPC and resulting in translocation into and through the pore [127] . After the mRNP had passed, the terminal ring closed. The flexible nature of the ring and the basket makes it a prime candidate for having a 'gatekeeper' function that regulates entry to the nuclear pore. As discussed above, the Cterminal region of Mlp/TRP has been localized to this region, which binds directly to most mRNPs and is believed to act as a site of first contact and final quality control (see above).
Overall these data suggest that the BR mRNPs undergo significant rearrangements that facilitate their entry into the pore, as their huge size does not allow them to enter otherwise. However, we have to consider that BR mRNPs are much larger than most common mRNPs; the average length of a yeast mRNA is only about 2 kb, and nuclear mRNPs purified from yeast cells show a rod like shape with a length of 20-30 nm and a width of 5-7 nm [108] . Although mRNPs used in recent single molecule studies were much smaller than the BR RNPs, Mor et al nevertheless, showed that these mRNPs changed their structure at the NPC prior to export [54] . mRNPs displayed a spherical structure before export, whereas after export, on the cytoplasmic side, they presented a disorganized open structure. This was accompanied by a decrease in fluorescence signal on the mRNP, suggestive of restructuring and unfolding during export, which possibly included some of the MS2 stem loop structures. Soon after the translocation, mRNPs regained their rounded structure. Although it is not clear whether such rearrangements occur on, or are a requirement, for all mRNPs to fit through the pore, it is known that mRNA binding proteins are stripped off the mRNP before it translocates to the cytoplasm. It is therefore likely that all mRNPs are restructured in some way before they get exported. However, it will be interesting to see if this is a general phenomenon for all mRNPs that cross the NPC.
Only very recently, single molecule studies finally allowed the observation of actual translocation events in real time [1, 54] . By creating fluorescent RNAs in vivo using the MS2 bacteriophage system, individual mRNAs were followed in real time using high-resolution fluorescent microscopy (Fig. 4) . These studies revealed that mRNPs are indeed exported rather quickly, albeit still slower than proteins, and tracking different sized mRNAs Mor and colleagues obtained an average translocation time of about 0.5 s [54] . Using a more sophisticated imaging setup that allowed faster acquisition rates as well as the tracking of mRNPs localized at the different regions of the NPC (basket-central, channel and the cytoplasmic fibrils), Grünwald and Singer showed that the mouse beta-actin mRNA requires on average only 180 ms from docking to the basket to its release into the cytoplasm. Furthermore, they showed that export happens in three steps which occurred at different timescales; docking of the mRNA which lasts 80 ms, transport through the central channel (5-20 ms), and release of the mRNA which takes another 80 ms. This observation mirrors previous studies monitoring protein transport rates that also showed that docking and release, but not translocation are the rate limiting steps during transport. Interestingly, both studies also observed mRNPs that seem to be 'stuck' at pores, sometimes for quite a considerable amount of time. This makes it is interesting to speculate whether these mRNPs might be held at the pore by a quality control machinery, which is preventing their access.
Once in the central channel, mRNPs do not translocate unidirectional to the other site of the NPC in a single step, but move bidirectionally within the channel [1] . This is consistent with current models that the central channel does not have any directionality, but that directionality is obtained by binding events on either side of it [128] . The current view of the role of the central channel is to form a dynamic network of filaments that block translocation of inert molecules above a certain size threshold. This barrier is overcome by the binding of transport receptors, which in turn bind to the FG nups located within the channel (Mex67/NFX1 for mRNA export) and so allow movement of cargos into and through it.
7. On the other side: release of mRNPs into the cytoplasm As the central channel itself does not provide directionality, as far as release of mRNPs after export, directionality is achieved by factors located at the cytoplasmic site of the NPC, whose role is to 'trap' the mRNP at the cytoplasmic side, rearrange it and release the mRNP into the cytoplasm (i.e. by stripping of mRNA export factors). Different NPC components and NPC-associated factors located at the cytoplasmic side of the NPC were already know to be required for mRNA export, but only recently has a detailed mechanism emerged with the shuttling RNA-dependent ATPase Dbp5 playing a crucial role in this process [100, [129] [130] [131] [132] [133] [134] . Studies from different groups showed that when Dbp5-bound mRNPs reach the cytoplasmic site of the pore, binding of Dbp5 to the nuclear pore protein Gle1 and its cofactor IP6 activates the ATPase function of Dbp5 and stimulates a conformational change in the protein (Fig. 5) . This activity is able to induce mRNP remodeling, resulting in the dissociation of the export receptor heterodimer Mex67-Mtr2 and the RNA binding protein Nab2 from the mRNA, and the release of the mRNA into the cytoplasm (Fig. 5 ). Dbp5 has ATP-dependent helicase activity in vitro and it is possible that Dbp5 utilizes ATP binding or hydrolysis to facilitate duplex unwinding, what in turn could participate in the release of proteins from the mRNA. Consistent with this idea, in vitro experiments showed that Dbp5 does not interact directly with Nab2 or displaces it from poly(A)RNA, but most likely inhibits its re-association by restructuring the free mRNA in such a way that it is incompatible with Nab2 binding [135] . However, the exact mechanism of how Mex67-Mtr2 and Nab2 are released is not yet understood.
To be ready for another cycle of ATP hydrolysis and mRNP remodeling, Dbp5p has to release ADP and rebind ATP. ADP-release is triggered by binding to the nucleoporin Nup159, which is located at the cytoplasmic side of the NPC and acts as an ADP release factor. Binding of Nup159 probably occurs after Dbp5 has released the remodeled mRNP, as binding of Dbp5 to RNA and Nup159 are mutually exclusive due to them occupying the same binding site on Dbp5 [132, 136, 137] . Although data suggests that binding of Dbp5 to mRNAs occurs already in the nucleus, it is also possible that Dbp5 can remodel mRNPs at the cytoplasmic face of the NPC, independently of being loaded onto the mRNP in the nucleus, by binding to mRNPs/mRNAs when they exit the central channel. Fluorescent-recovery-after-photobleaching (FRAP) experiments showed that signal of fluorescently labeled Dbp5 at the NPC recovers very fast (~1 s) [134] . Such fast rebinding of a large pool of Dbp5 to the pore is unlikely to be mediated by a flow of new nuclear mRNPs trough the NPC, as only about 10-15 mRNAs pass through a pore every second (see above). Therefore it is likely that at least a fraction of Dbp5 'sits' at the exit of the pore/central channel, ready to rearrange mRNPs as they come through.
Besides Dbp5, two other proteins are suggested to participate in the release of mRNPs at the cytoplasmic site of the nuclear pore, whose function, however, is not yet understood. One is the nucleoporin Nup42, which interacts directly with Gle1 and may act as an additional anchor for Gle1 at the pore [138] . Interestingly, Nup42 is specifically required for the export of heat-shock mRNAs and might therefore have a specific role in mRNA release under these conditions [139] . The second protein is Gfd1, which is also found in a complex with Gle1 and, in addition, interacts directly with Nab2 [138, 140] . Neither Nup42 nor Gfd1 are essential for viability or mRNA export and their role in mRNP remodeling and release still has to be determined.
One interesting question remaining is how precisely Dbp5 remodels an mRNP and how its activity is regulated such that only nuclear factors but not RNA binding proteins required in the cytoplasm are striped off the mRNA. Little is known about where mRNA binding proteins bind on the mRNA, not for Mex67p-Mtr2p and not for the more general RNA binding proteins such as Nab2p or Npl3p. Defining the composition of mRNPs and the binding sites of these proteins on the mRNA will be essential for our understanding of how the rearrangements occurring on mRNPs along the gene expression pathway affect and allow for coordinated and efficient export of these large macromolecules from their site of synthesis to the cytoplasm.
Conclusions and outlook
In the recent years, we have obtained a much clearer picture on how cells achieve the export of mRNA. It has become evident that at least three critical steps define the kinetic of the export process, two of them directed and tightly regulated, with the third being much more passive and 'random'. The regulated steps are comprised of i) the co-transcriptional events which are required for linking transcription, 3′ processing and formation of an export competent mRNP, and ii) the mRNP binding and gaining access to a nuclear pore; both these steps are monitored by distinct quality control machineries. Whatever happens in between, however, seems to occur in a rather random manner, as mRNPs simply diffuse throughout the nucleoplasm undirected, to find a nuclear pore. The randomness of this event might be surprising considering how tightly controlled the processing and assembly of export-competent mRNPs is otherwise. Nevertheless, the occurrence of random movement in cells is quite common and often considered effective and energy-efficient. Still, it will be interesting to see whether the tethering of specific genes in yeast is a mechanism developed by the cell to ensure faster export kinetics in 'times of need' and whether a similar mechanism also exists in higher eukaryotes.
Carrying out regulatory and quality control steps on fixed cellular structures is likely to be more efficient than when components freely diffuse within the nucleoplasm. In cellular terms, transcription is a very slow process and the nascent mRNA has plenty of time to correctly fold and assemble into an mRNP, the Pol II transcription machinery thereby acting as a scaffold for mRNP formation and quality control. The Mlps at the nuclear basket might similarly act as a scaffold where mRNPs are checked and rearranged to allow them entry into the pore. Both these events might not only be required to allow for efficient export of mRNAs but also to ensure that mRNPs, which are not supposed to leave the nucleus, are retained. RNA Pol II transcribes many different kinds of RNAs besides mRNAs, and at least some of them are capped and polyadenylated, including some long noncoding RNAs (lncRNAs) [141] . Some of these lncRNAs are retained in the nucleus, despite undergoing normal 3′ end processing, and are likely to have a very similar composition than an export-competent mRNP. Understanding how the assembly of different Pol IItranscribed mRNPs is achieved will help to understand the mechanistic details of mRNA export as well as shed light onto the biogenesis of other classes of RNPs. Determining the composition of mRNPs will therefore be instrumental in understanding the export process. Very little is known about the composition of mRNPs; we know the identity Fig. 5 . mRNP release. The ATP dependent RNA helicase/ATPase Dbp5 plays a crucial role in the removal of Nab2 and Mex67-Mtr2 from the poly(A)mRNAs and the release of mRNAs into the cytoplasm. When the mRNP reaches the cytoplasmic site of the nuclear pore, the formation of a Gle1-IP6-Dbp5-RNA complex induces the ATPase activity of Dbp5. This leads to a conformational change in Dbp5 and ATP hydrolysis, inducing the dissociation of Mex67 and Nab2 from the mRNP and subsequent release of the mRNA into the cytoplasm (see text for details). Nu = nucleus and CP = cytoplasm. of many proteins bound to mRNPs, however, for most of the mRNA binding proteins implicated in mRNA export, we do not know how many copies of them are present on the RNA nor do we know where on the mRNA they are bound. Along the same lines, we do not understand how mRNAs are folded and if RNA structure is important in obtaining export competence and/or access to the NPC. Recent technical developments in using cross-linking approaches to map protein binding sites on RNAs as well as high throughput methods to determine RNA structure will be instrumental in understanding what mRNPs actually look like and how changes in their composition and structure may be instrumental in regulating mRNA export [142] [143] [144] [145] .
Finally, single molecule microscopy approaches are likely to play an important role in determining how mRNA export is executed within a cell, being the only tool that allows following of individual mRNAs in real time. Currently, it is still a challenge to track mRNAs through the entire nuclear space but fast developments of imaging technologies are likely to overcome these limitations at some point. In addition, super-resolution imaging approaches will allow an even more detailed description of mRNPs docking to the NPC and during translocation, enabling the dissection of the mechanistic steps occurring during these processes [1, 146, 147] . Having identified most factors involved in mRNA export, using this knowledge to combine protein knockdowns in higher eukaryotes or mutant strains in yeast with single molecule imaging will open up an interesting new chapter in studying this rather short time span in the life of an mRNA.
